We consider polyatomic molecules containing peripheral chains of valence groups, which slide along crystallic surfaces at grazing incidence. The periodically located Coulomb centres of the crystallic surfaces interact with the moving valence group dipoles like a time-dependent oscillation potential. This interaction can lead to multiple resonant vibrational excitations of the peripheral valence group dipoles. Accumulation of such collective excitations in the valence group chains (excimols) eventually can lead to the cleavage of particular bonds (trap bonds) inside the molecule. A model for this complex process is presented including a parameterised formula for the dissociation probability of polyatomic molecules scattered by a surface at grazing incidence. The model is supported by the experimental observation of dissociation energy thresholds.
Introduction
Quantum processes of polyatomic molecules caused by interactions with surfaces are an important part of fundamental solid state and molecular physics. The current interest in such processes is indicated by a growing number of publications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Most papers on the problem are devoted to the elastic and inealastic interactions of two-, three-and four-atomic molecules with surfaces at different incidence angles and initial velocities v < v B , where v B % 10 8 cm/s = 1 m/ps is the atomic unit of velocity or Bohr velocity. Analysis of experimental results presented in these papers permits to conclude that the probability P 01 for excitation of the first vibrational level of diatomic molecules with a normal-to-surface velocity component v ± < 10 5 cm/s is very small (P 01 ~ 10" 2 -10" 3 ) [15, 16] . P 01 is getting noticeable, however, if the velocity component V\ \ parallel to the surface reaches the Bohr velocity v B [8, 9] . This was shown for grazing incidence of biatomic molecules using the model to energy exchange between the molecules and surface phonons or electrons.
The literature related to molecule-surface collisions for molecules consisting of more than four atoms is rather limited and well reviewed in [18] . There is experimental evidence for deposition of a considerable amount of internal energy by molecular collisions with surfaces [18] . This accumulation of energy depends on the initial molecular velocity and on the internal molecular structure. New dissociation channels for polyatomic molecules sliding along surfaces can be opened with an increasing t^ [17] [18] [19] [20] [21] , To our knowledge, no consistent theoretical description has been published on the whole complex of processes connected with the grazing incidence of polyatomic molecules on surfaces with velocities v T < < v B , where v T is a thermal velocity. Nevertheless, there are some phenomenological models describing the dissociation of polyatomic molecules induced by collisions with surfaces. For instance, the thermo-kinetic model is based on the assumption that the normal component of the kinetic energy can be transformed into internal vibrational energy [17] . In another model [10] a mechanism for the transformation of translational energy into rotational energy is suggested for rigid atomic clusters sliding in a surface potential field.
In this paper we present theoretical and experimental investigations of excitation and dissociation processes involved in the grazing scattering of polyatomic, organic molecules at crystallic and metallic surfaces. We limit our considerations to molecular velocities within the interval v T < t^ < v B . In particu-0932-0784 / 96 / 1000-1144 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen lar, we focus on activation energy thresholds for dissociation.
Polyatomic molecules incident upon a smooth surface at grazing angles less then one degree do not penetrate into the surface but are subjected to a predominantly specular scattering by the first layer of surface atoms. This fact permits us to exclude from our considerations a number of complex phenomena associated with molecular penetration into a surface. When f|| v B , a large excitation probability for polyatomic molecules can be observed, eventually leading to dissociation due to their interaction with the surface potential.
Small values of incidence angles <P < 1° and incidence velocities of v ± < 10 4 cm/s, t^ < v B make negligible such phenomena like molecular thermal deformation and energy exchange between molecules and surface electrons or phonons. We believe that under these circumstances the excitation and dissociation of polyatomic molecules can occur as a result of their interaction with the surface potential field, which decreases along the surface normal and, more importantly, has a periodical structure due to the regularity of the surface lattice.
We consider polyatomic organic molecules consisting of regularly chained identical valence groups (for instance C = 0, N = 0, C -H) with relative distances larger than the mean free path of electrons in the surface electron gas. Thus the polyatomic molecule is characterised by a set of chains or rings of valence groups. The following two main interaction mechanisms can be analysed on the base of the above mentioned assumptions about surfaces and polyatomic molecules:
(i) vibrational excitation of separate valence bonds in the polyatomic molecule by the averaged surface potential field; (ii) resonant vibrational excitation of separate valence bonds by periodic surface potential fields [22] , The basic resonance condition is a> 01 = to 1 -cu° = 2nv\\/d, with eigenfrequency co° for the ground state and co 1 for the first vibrational excited state of a valence bond and d is the lattice constant of the periodic potential. This resonance excitation of a valence bond in a molecule sliding along the periodic surface field is similar to the well known resonance perturbation of gas-atoms channelling inside a crystal [23, 24] or to coherent atomic interactions with light [25] .
The probabilities for these two mechanisms depend on the kinetic energy of the molecule, the geometry of the experiment and the structures of molecules and surfaces. In general, the excitation probability for the averaged field acting on the grazing molecule is estimated to be small compared to the resonance excitation probability.
Our approach to polyatomic dissociation is based on our excimol theory [26] . We consider trigger excitations of one or more bonds in valence group chains or rings. The spectral analysis of energy operators for quantum systems (molecules and surfaces) allows to treat excited states in valence groups as quasi-stationary excited states (excimols). The excitation energies of these quasi-stationary states have complex values permitting to take into account relaxation processes and the inharmonic character of bond vibrations.
It was shown that the excimol life time is several orders of magnitude longer than the life time of trigger excitations [27] . The energy of one excimol is not sufficient to destroy any internal bond, but excimols can accumulate in certain bonds inside the polyatomic molecule, which do not belong to the chain and can serve as trap bonds. If n excimols arise in the polyatomic molecule, a total energy E (n) can concentrate in the trap. Dissociation of this trap bond can occur, if E(n) > E D , with E D being the trap bond's dissociation energy.
Theory
Valence groups of a polyatomic molecule experience the interaction with N 1 • N 2 surface ions located on the square L L • L 2 . We assume that a molecular valence bond is a quantum oscillator with the dipole momentum
r o where D 0 is a value of dipole momentum, S a unit vector along the oscillator's axis from the negative charge to the positive one, r 0 an equilibrium distance between the atoms of the valence group and r its variable length. For a given part of surface with N : • N 2 centres on the square L 1 • L 2 the potential of dipole interaction with all centres denoted by n,e{l, 2,..., Nj, i = 1, 2 can be represented in the form
The surface potential V (R) is taken as
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Then we obtain
where R is the radius-vector of a dipole c.m., corresponding to surface ion (00), and Q ni " 2 is the vector directed from ion (00) to surface ion (Hj n 2 ). If we denote the lattice vectors as b l and b 2 , then we have
We approximate the potential of surface ion (n 1 n 2 ) by Moliere's representation of the Thomas-Fermi potential, e.g. [28] : Vn l n 2 iRn l n 2 )=-jT-X{Rn l n 2 ,*r F) with We introduce a coordinate system (xOy), which coincides with the surface plane. The axis (Oz) is a surface normal. The coordinate origin coincides with the position of the ion (00). If the dipole is moving along the surface with the velocity v = {v x ,v y , 0}, the c.m. coordinate is a time-dependent function:
Thus, the surface potential is also a function of time
To factorize the time dependent function in expression (2), let us expand the potential over the surface vectors G mn : = 27r(na 1 -I-ma 2 ), where a x and a 2 are reciprocal vectors of b x and b 2 
with
From (10) one can see that the valence group feels a time-and velocity-independent component K 00 of the potential and time-and velocity-dependent periodical potential components K mn (rn^ 0 or n / 0) with frequencies co mn = (G mn • v), where v is the parallel component of the molecule velocity.
Let us first estimate the vibrational excitation probability for the valence bond induced by the interaction with potential K 00 . The interaction potential has the form
where V 00 (R,) is the average surface potential, which has the form
Valence groups are assumed to orientate by the surface field like diatomic molecules during adsorption [29] . The dipole vector of the valence bond is orientated parallel to the Oz axis at a c.m. distance R z >3a 0 from the surface. For a distance a 0 < R : < 3 a 0 the valence bond is orientated parallel to the surface.
The valence bond vibrational excitation by interaction with the component K 00 of the surface potential can be considered in the frame of the first order timedependent perturbation theory. By this the different braking forces for the different valence group atoms are taken into account. The contribution of this mechanism to the excitation probability of the first vibrational state by our estimation is about 7-10% and does not depend on the molecular velocity in the considered energy range.
Let us now consider the resonant vibrational excitation of a valence bond and the subsequent molecular dissociation caused by K mn , with m ^ 0 or n ± 0, part of the interaction potential between surface and valence groups. The molecular valence groups are assumed as quantum oscillators, and the vibrational transition inside is possible only from the ground to the first excited state. Resonant excitation is expected, when the valence group eigenfrequency co 01 of the first vibrational state coincides with one of the field frequencies co mn 
where If one is interested in the excitation probability due to the fundamental field harmonic, it is possible to use the well known two-level approximation of nonstationary perturbation theory. To calculate the total action of the periodic surface field on molecules one has to use the first order time-dependent perturbation theory:
. (17) Now we infer the probability of vibrational molecular excitation as a function of velocity v in the interval, which corresponds to the "nearly continuous" spectrum of co Then we get the considered probability per time unit
where K 01 is a matrix element calculated in the approximation of a constant trajectory: where R^ and R {2) delimit a distance interval for adsorbed atoms at a given surface. This formula is analogue to the well known Fermi's second golden rule.
We consider polyatomic organic molecules, which contain chains of valence groups of the type C=0, N=0, C-H and so on. The characteristic frequencies of these valence groups are between 1000 -3000 cm" 1 and the corresponding energies of first vibrational states are between 0.15-0.38 eV. By sliding movement of these molecules along crystallic surfaces resonant excitation of the first vibrational states can be expected at velocities v^ < 3 • 10 6 cm/s. At these velocities the braking excitation probabilities of the first vibrational states in the considered valence groups do not exceed 10%. The resonant vibrational excitation is the main mechanism for valence group trigger excitations with a life time of 10" 12 -10~1 3 s. Each trigger excitation of one valence bond leads to the appearance of an excimol with an energy E exc and a life time of 10" 10 -10" 11 s [26, 27] , The excimol is a vibrational excitation, which is transferred from one valence group to the next one within a valence group chain induced by the interaction between parallel oriented valence group dipoles.
Each valence bond trigger excitation in the chain can produce an excimol. The interexcimol interaction is as small as the interexciton interaction in solids. The possibility of the independent existence of many excimols in a chain is an explanation for the energy accumulation E(n) inside a molecule, which contains a chain of n valence bonds. The average accumulated energy can be defined as E (n) = H exc £ exc with n exc = n P 0l (v) . (21) If a chain of identical valence groups with eigenfrequency co 01 and dipole momentum D l is connected with another valence group with w" 1 > an<^ />! D 2 , COS y ± 1 (y is the angle between D y and D 2 ), then the latter valence bond can be a trap for the excimols arising in the chain. It means that the probability P(t) for excimols to be collected inside the trap is much higher than the probability for excimols to be collected inside a valence group of the chain. Using the two-level time-dependent quantum theory, by which one can take into account a diagonal disorder co i 1 / co 01 i n valence group chains, it is possible to obtain the excimol transition probability to the trap similar to the case of an exciton trap [30] : and cj-pp. We now consider a molecule containing k different trap bonds with the dissociation energies W t , ie(l,..., k) and
To dissociate one of the trap bonds it is necessary to accumulate the excimol energy E(n)>E^r es .
According to (21) the energy accumulation is depending on the number n of valence bonds, which are part of the chain closest to the surface, on the excimol energy £ exc and on velocity v. As the excitation probability P 01 (v) is increasing in the threshold velocity range 
Thus, for a given molecule we have different threshold velocities for the dissociation of trap bonds with different dissociation energies.
The above presented theoretical model of surface induced dissociation (SID) for grazing incidence takes into account the internal chain like structure of the polyatomic molecule and thus is essentially different from the well known RRKM theory, see e.g. [31] . RRKM is based on thermo-dynamic statistics, does not take into account the influence of the molecular structure on the dissociation process and applies to an energy range 100 times higher than typical energies considered here.
Experiment
To test our grazing incidence SID theory, we inves- The aim of our experiments was to measure the expected kinetic energy thresholds for the dissociation of the above characterised complex ions by using a modified 252 Cf-plasma desorption mass spectrometer (PDMS). A beam of the primary ions Mj 1 " or M 2 was deflected towards a tilted converter (Figure 1) . Depending on the polarity of the applied converter potential U con , the primary ions were postaccelerated or decelerated in the homogeneous electrostatic field of the converter. After impacts of primary ions at the flat converter surface the secondary electrons or the secondary ions were accelerated and detected after having passed a short drift path to the micro channel plate detector (MCP). For a defined decelerating converter potential U con = U CTii the fully accelerated, intact primary ions collide with the converter surface at grazing incidence and low kinetics energies (^impact = E \\ = £ acc -E con)-B y variation of the acceleration voltage U acc and the converter potential U con accordingly, the setup allows to study the dissociation efficiency depending on the grazing velocity or energy. Details of the experimental setup have been described earlier [19] . As expected, threshold impact energies are observed, which have to be exceeded to produce secondary fragment ions. These activation energies are in the order of a few hundred eV depending on the types of primary and secondary ions. The measured fragment ion intensities, which are proportional to the dissociation probabilities P d {E) of the corresponding dissociation channels, are presented in Figure 2 . 
Discussion
The experimental data have been analysed by using (23) for the trap bond dissociation probability. This formula can be presented in a parameterised form:
where P 01 is the integral part in (20) , averaged over the dipole momenta directions S and velocity v (see Appendix). Obviously it depends on the molecular velocity or energy, the characteristic frequency cu 01 for the valence bond in the chain and the Thomas-Fermi radius a TF of the surface ions. The parameters co 01 and a TF are known for each system consisting of a given molecule and surface. Consequently, the probability P d as a function of the molecular kinetic energy depends on two parameters F and C. The parameter F is the same for any dissociated trap bond in a given molecule, but it depends on the surface potential and the valence bond chain, in which the excimols are collected. The constant C is defined by the dissociation threshold probability and depends on the necessary number of collected excimols and trap-bond properties.
In the present case, the surface consisted of aluminium and oxygen ions and the chains consisted of C-H valence groups. The corresponding parameters were cu 01 corresponding to C=0 and N=0 valence bonds, respectively. From the curves displayed in Fig. 3 one can see that the model clearly can distinguish different compositions of the valence bond chains. Also the influence of the surface parameter a TF , determined by the nuclear charge of the surface ions, was checked by calculation of P 01 for a gold surface (a XF = 0.2 a 0 ) and for a carbon surface (a TF = 0.5 a 0 ). The curves calculated by (26) with parameter C equal to zero also demonstrate the high sensitivity of the model for the chemical composition of the crystallic surface ( Figure 4 ).
The analysis shows that the suggested model is well describing the experimental data and can be used for the investigation of surface and molecular properties by grazing collision experiments. • 
